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ABSTRACT
In this research numerical simulations of the flow-
induced vibrations in a hexagonal tube array were per-
formed. Due to the presence of the tube walls, a signif-
icant velocity difference between the inter-cylinder gap
and subchannel center exists and a vortex street is gener-
ated. As this instability originates from velocity-shear, it
is of the Kelvin–Helmholtz type. The fluctuating pressure
associated with the vortical flow can cause structural vi-
brations of the cylinders.
The computational domain was constructed such that
the geometry matches an experimental setup. The central
tube in the bundle of 7 tubes contains a flexible segment
made of silicone, which is at both extremes clamped to
the steel part of the cylinder. All other tubes are made of
steel.
As first step, it was checked whether the vortex street
also appears for this particular geometry, using unsteady
Reynolds-averaged Navier–Stokes (URANS) simulations,
with the structure considered completely rigid. As sec-
ond step, the flexible segment was taken into account and
fluid-structure interaction (FSI) simulations were per-
formed. A comparison between one-way and two-way
coupling was made.
NOMENCLATURE
D Diameter of the cylinder
F Force
L Length
P Pitch
U Velocity
INTRODUCTION
Rod bundle geometries are commonly found in heat
exchangers and nuclear reactor cores. This paper focuses
on bundles in a flow that is mostly aligned with the axes
of the rods. The rods are subjected to a pressure field
associated with the axial flow surrounding them. This
pressure field is seldom perfectly constant, so fluctuating
forces act on the structure. Fluctuating pressure can in
some cases be associated with the turbulence in the flow
field, and if structural vibrations result from this, they are
called turbulence-induced vibrations. Following the an-
alytical work of Paı¨doussis and Curling [1] expressing
the resulting vibration of an incident turbulent axial flow
field, experimental research has been done by Curling and
Paı¨doussis to characterize this flow field [2, 3]. Also nu-
merical research has been performed in this area, a recent
example being the work of De Ridder for annular flow
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using Large eddy simulations (LES) [4].
Some geometries also trigger a flow instability that
results in large-scale vortices in the flow. It was no-
ticed that larger momentum, heat and mass transfer oc-
curs across the narrow gaps in-between rods than could
be attributed to only turbulent diffusion [5]. As predict-
ing the correct heat transfer, influencing the local, instan-
taneous temperature on the rods and thus determining the
risk of dry-out and boiling, is important for safety, a lot
of attention was given to this. The cause has been de-
termined to be quasi-periodic, pulsating flow in the gap
regions. Due to the presence of the tube walls, a signif-
icant velocity difference between the inter-cylinder gap
and subchannel center exists and a vortex street is gener-
ated. As this instability originates from velocity-shear, it
is of the Kelvin–Helmholtz type. As there is considerable
variability and uncertainty in the period of coherent struc-
tures, the term ‘quasi-periodicity’ is applicable here. The
term vortex-induced vibrations is used to denote the struc-
tural motion resulting from the fluctuating pressure asso-
ciated with the vortical flow. A lot of effort has been di-
rected towards the characterization of the flow field, with
the structure being rigid. The work of Meyer [5] summa-
rizes the most important research and milestones on this
topic. Establishing a unified nomenclature was attempted
by Tavoularis [6]. The instability was termed ‘gap insta-
bility’, resulting in a ‘gap vortex street’.
Experimental work on simple geometries was, among
others, performed by Hooper and Rehme [7] on subchan-
nel geometries, Meyer and Rehme [8] on compound rect-
angular channels, and Choueiri and Tavoularis [9] on an-
nular channels. The coherent structures were found to ap-
pear as a street of paired, counter-rotating vortices, at both
sides of the gap [8]. Experiments on multiple cylinders
were performed by Hooper and Rehme [7], who investi-
gated a linear array, and Baratto [10], who investigated a
5-rod model of a 37-rod CANDU reactor bundle.
With the increase of computational power, also nu-
merical research took off. Chang and Tavoularis used the
Reynolds Stress Model (RSM) to investigate a cylinder in
a rectangular channel [11] and compared it to the exper-
iments of Guellouz and Tavoularis [12, 13]. The exper-
iments of Baratto [10] indicated a strong correlation be-
tween the different vortex streets in a rod bundle, express-
ing the need for using larger, multi-rod domains. This
need is addressed in Chang [14], who investigated numer-
ically the same geometry, although using periodic bound-
aries, exploiting the rotational symmetry of the problem.
The appearance of vortex networks, rather than individ-
ual, non-related streets was confirmed. Recent examples
of numerical research on the vortical flow field include De
Moerloose [15], in which a single cylinder in a periodic
domain is investigated using LES, and De Ridder [16],
who investigated a hexagonal 7-rod bundle containing a
flexible part. The current study builds on the latter us-
ing FSI-simulation to investigate the vortex-induced vi-
brations.
Fluid-elastic instabilities are characterized by a sig-
nificant influence of the structural motion on the fluid
loading on that structure. These usually display larger dis-
placement than turbulence- or vortex-induced vibrations,
resulting in damage fast. However, every kind of vibra-
tion can potentially result in damage, as even small ampli-
tude motion can eventually induce fatigue and/or fretting
wear.
In this research, vortex-induced vibrations are in-
vestigated using numerical techniques: computational
fluid dynamics (CFD) and computational solid mechan-
ics (CSM). Water flow through a seven-rod bundle in a
densely arranged hexagonal array is considered, with a
segment of the central rod made flexible. The geometry
resembles an experimental facility at Delft University of
Technology, where vortex-induced vibrations are studied
using laser Doppler anemometry techniques. The exper-
imental setup consists of steel rods, with the central tube
having a silicone part clamped at both extremes to the
steel parts. The results of this numerical research will be
compared to the experimental data in the continuation of
this research. Fluid-structure interaction simulations are
performed using a CFD-FE (finite element) method with
an in-house coupling code. A comparison was made be-
tween one-way coupling and two-way coupling in an at-
tempt to assess the effect of feedback from the structural
side to the flow. In this case the structure has a resonance
frequency that is close to the excitation frequency due to
the vortical flow. This could create a lock-in condition,
which renders one-way coupling invalid. By looking at
the difference between one-way and two-way coupling
the presence and influence of lock-in can be assessed.
As a one-way coupling requires less computational effort,
it could reduce the resource requirements a lot, provided
that the results are sufficiently accurate. This evaluation
could help streamline future research.
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FIGURE 1: CROSS-SECTION OF THE GEOMETRY
OF THE 7-ROD BUNDLE WITH INDICATION OF
THE MEASUREMENT LOCATIONS.
TABLE 1: GEOMETRICAL DATA.
Parameter Value
Diameter D 0.025 m
Pitch P 0.0275 m
Length L 0.7 m
Flexible length Lf 0.07 m
METHODOLOGY
The geometry under investigation is depicted in
Fig. 1. It consists of 7 rods, numbered from 0 to 6, as
shown in the figure. The geometrical data can be found in
Table 1. The pitch-over-diameter ratio is in this case 1.1,
which is in the range of P/D-ratios for which the gap vor-
tex streets occur. The rods are placed in a hexagonal duct,
leaving a clearance that equals the inter-cylinder spacing.
The mesh entirely consists of hexahedral elements,
with 538 axial divisions, 5 divisions between a rod and
the middle of the gap and 120 circumferential divisions
per cylinder. The structural model of the flexible cylinder
contains 1850 elements.
Periodic boundary conditions are applied to the in-
let and outlet of the domain, with an axial pressure gra-
dient of 4905 Pa/m driving the flow. A streamwise pe-
riodic boundary condition was also used by Chang and
Tavoularis [11]. The main benefit of such conditions is a
reduced mesh size and thus computational load, because
developed flow conditions are inherently present. No-slip
boundary conditions are used for the duct and rods.
For the FSI-simulations, a partitioned approached
is followed, utilizing the IQN-ILS algorithm (interface
quasi- Newton with inverse Jacobian from a least-squares
model) [17]. The solution of the fluid side is obtained
with CFD, using a finite volume method implemented in
ANSYS Fluent. The k-ω SST turbulence model is ap-
plied. All quantities were discretized using second or-
der schemes. For the structure the finite elements solver
Abaqus was used.
During the FSI-calculations, the loads on the fluid-
structure interface are repeatedly reported by the CFD
model to the CSM model. The CSM model calculates
the deformations and reports these back. For the one-way
case, the loads on an undeformed cylinder are reported
by Fluent, but interpreted by Abaqus as acting on its de-
formed geometry. This mismatch between the fluid and
structure side is always present in one-way simulations
and an important consideration when doing one-way sim-
ulations, but the difference is here deemed negligible due
to the small deformations.
A constant time step of 0.289 ms was applied. The
flow was allowed to settle during 25000 time steps, us-
ing non-iterative time advancement (NITA) and with the
structure rigid. Then the coupling (either one-way or two-
way) was switched on, and the PISO-algorithm (Pressure-
Implicit with Splitting of Operators) was used to compute
1200 more time steps. The flow solution was considered
converged after the continuity residual had dropped be-
low 10−4. The other residuals dropped several orders of
magnitude lower in every time step. For the two-way cou-
pled case, an absolute tolerance of 10−6 m was used for
the l2-norm of the interface displacement, and 101 Pa for
the interface pressure.
RESULTS AND DISCUSSION
Coherent structures and incident pressure field
It is first checked whether the coherent structures ap-
pear for this geometry and its CFD-model. This is the
case, as was expected. The figures of this paragraph show
the two-way case results, but similar results are obtained
for the other case. Figure 2 shows the incident pressure
on the wall of the flexible cylinder. The horizontal axis
indicates the azimuth angle and the vertical axis the axial
distance. The pressure is shown by means of a colormap.
Both low and high pressure zones are alternately present.
The dashed vertical lines indicate azimuth angles corre-
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FIGURE 2: PRESSURE ON THE FLEXIBLE CYLIN-
DER WALL.
sponding to subchannels while the solid lines correspond
to gaps. It can be seen that the alternating pressure zones
are located in between the gap and subchannel. Assum-
ing that the low pressure zones correspond to the vortices,
the flow field resembles the pattern proposed by Meyer
and Rehme [8], with vortices at both sides of the gap and
spaced apart half a wavelength, postulated from experi-
ments on simpler geometries. One could in this case see
it as a kind of network of low pressure regions, forming
a ‘rhombic’ mesh. The high pressure zones are then the
dual side of this rhombic network. It can however also be
seen that the periodicity is imperfect, rendering the previ-
ous statement rather useless.
In Fig. 3, the structure of the flow is more closely
examined, focusing on only four pressure cells. The pres-
sure contours on a plane in between rods are plotted (solid
red line on Fig. 1), along with the in-plane components
of the velocity vectors, with the axial velocity Uz rela-
tive to the bulk velocity Ub, which was computed as the
mass flow rate divided by the product of the density and
the throughflow area. For readability reasons the plot has
been stretched in the x-direction. The vectors do not scale
with their magnitude, but are given constant length for
clarity purposes, thus only showing the direction of the
flow. The vectors indicate the presence of vortices in the
low pressure regions, which makes sense as these provide
a centripetal force to the flow. Observing the path of the
flow in between the low and high pressure cells, it can be
seen that a high pressure zone is present near the convex
FIGURE 3: PLOT OF THE PRESSURE CONTOURS
ON A PLANE IN BETWEEN CYLINDERS, WITH AN
OVERLAY OF VELOCITY VECTORS GIVEN CON-
STANT LENGTH.
side, while the concave side has a low pressure zone. This
confirms a straightforward relation between the pressure
and velocity field. The main length scale is estimated as
0.058 m, based on the number of velocity fluctuations.
A more global view is given in Fig. 4, showing the
wall shear stress magnitude on the central cylinder along
the entire domain length. Again the solid lines represents
the gap regions, while the dashed lines corresponds to
subchannels. A directional oscillation can be observed,
indicating fluid transport in the circumferential direction.
This is the same motion as was observed in Fig. 3. The
wall shear stress in the subchannel is higher than in the
gaps, as was also observed by Chang and Tavoularis [14]
in their simulations of a multi-rod geometry.
Forces on the rods
A comparison between one-way and two-way cou-
pling is made by examination of the forces acting on the
rods. Figure 5 shows the x-component of the force on
the flexible part, Fig. 6 shows the y-component and Fig. 7
shows the x-component of the force acting on the part
of rod 2 at the same axial position as the flexible part of
rod 0. The direction of the axes is indicated in Fig. 1.
One can see on both Fig. 5 and Fig. 6 that the force is
amplified for the two-way case compared to the one-way
case. This could indicate the presence of a lock-in phe-
nomenon. Because of this considerable force difference,
one-way coupling can be judged less suitable in this case.
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FIGURE 4: SHEAR STRESS MAGNITUDE ON THE
CYLINDER WALL.
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FIGURE 5: FORCE IN X-DIRECTION ON FLEXIBLE
SEGMENT OF ROD 0.
In Fig. 7 the two-way case displays a high frequency os-
cillatory behavior. This is caused by a breathing-mode
motion of the nearby central rod, excited by a changing
global pressure level, due to fluctuations passing through
the pressure reference point. In the future it will be at-
tempted to avoid this influence, as it obscures the results.
The z-component of the forces was found to be equal
for all rods (not shown). This is to be expected, since
the structural displacement due to axial traction barely
changes the geometry. This means there is little feedback
from the structure to the fluid for this displacement.
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FIGURE 6: FORCE IN Y-DIRECTION ON FLEXIBLE
SEGMENT OF ROD 0.
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FIGURE 7: FORCE IN X-DIRECTION ON SEGMENT
OF ROD 2.
CONCLUSION
The goal of this study was simulating the gap vortex
streets in a bundle of 7-rods, resembling an experimental
facility. Coherent structures were indeed detected, after
which FSI-simulations were performed. One-way cou-
pling was compared to two-way coupling to assess the
effect of feedback from structure to fluid and to inves-
tigate if this configuration (geometry - flow parameters)
displayed lock-in. From the forces it was seen that an
amplification happened, discouraging the use of one-way
coupling for this case. Future work will be the compar-
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ison with experimental results from Delft University of
Technology using two-way coupling.
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